"Foie gras," the fatty liver of ducks, is the most valuable product in duck production systems. It is produced, for the most part, in France, which markets approximately 73% of all fatty liver sold worldwide. Moreover, 95% of the duck fatty liver produced in France comes from mule ducks, an intergeneric hybrid between a female common duck (Anas platyrhynchos) and a Muscovy drake (Cairina moschata). Until recently, fatty liver was produced only in male ducks. Recent changes to French regulations now allow foie gras to be produced in both male and female mule ducks.
producers. Reducing the liver melting rate is, therefore, a key objective for the industry.
To our knowledge, the quality of fatty liver from female mule ducks has yet to be studied. The aim of this study was to assess the quality of female fatty liver and to compare males and females using phenotypic and genetic information.
mATeRiALS ANd meTHodS
The present study was performed in agreement with the European Communities Council Directive of November 24, 1986 (86/609/EEC) , and the French national guidelines for the care and use of animals for research purposes (certificate number 7740; Ministry of Agriculture and Fish Products, Paris, France).
Animals
A total of 914 mule ducks (591 males and 323 females) were hatched in June 2011 in 1 pedigree batch. The mule ducks were obtained from a French breeder, Grimaud Frères Sélection (La Corbière, Roussay, France). They were the hybrid offspring of 209 Pekin dams and 60 Muscovy drakes. Whatever the sex, from hatching to 56 d of age, animals were fed ad libitum in confinement on straw. From 56 to 85 d of age, ducks were fed with a restricted access to the feeder (only 3 h per day) and reared with access to free range. The diet consisted of duckling crumbs (19% CP and 3% fat) for the 3 first days, a starter feed up to 21 d of age (18.6% CP and 2.5% fat), and then a grower feed from 21 d to 85 d (16.5% CP and 3% fat). From 86 to 98 d of age, ducks were reared in individual cages and were force-fed twice a day (i.e., a total of 25 meals) with a mix of 53% corn flour and 47% water. During this period the average amount of feed ingested per animal and meal ranged from 250 to 460 g for males and from 245 to 440 g for females ( Fig. 1) . At the end of the force-feeding period, animals were slaughtered at 98 d of age in a commercial slaughtering house. Fatty livers were removed from the carcass and were carefully trimmed to remove the main blood vessels.
Traits
Two sets of traits were recorded for all 914 mule ducks. First, the ability to force-feed was assessed by weighing carcasses (carcass weight [cW] ) and the liver (fatty liver weight [fLW]). Fatty liver quality was then evaluated by measuring 2 other traits: the extent of liver veining (4 classes) and the liver melting rate. Two separate techniques were used to measure the melting rate by determining the percentage of fat release 1) after sterilization of 60 g of liver for 50 min at 105°C (liver melting rate after sterilization of 60 g of liver [mR-c60] ; %), and 2) after pasteurization of 180 g of liver for 60 min at 85°C (liver melting rate after pasteurization of 180 g of liver [mR-V180]; %).
Statistical Analysis
Preliminary least squares analyses were performed using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC) to determine the fixed effects to take into account in subsequent analyses. For all traits, the model included 3 fixed effects: the sex effect (2 levels), the slaughtering order effect (6 levels), and the interaction of sex and slaughtering order (12 levels).
Genetic parameters were estimated by combining pedigree information from both parental populations (Pekin and Muscovy) and from mule duck performances (Lo et al., 1997) . The analyses were conducted separately for male and female mule ducks. The following model was used: in which y c is the vector of observations for crossbreds (male or female mule ducks); b c is the vector of fixed effects corresponding to the slaughtering order effect (6 levels); u Ac and u Bc are the additive genetic effects of the Pekin dams and Muscovy sires, respectively, of male or female mule ducks, as expressed in the phenotypes of the mule ducks (population C); e c is the vector of residual effects; and X and Z are incidence matrices relating the records to the corresponding effects. Pedigrees were traced back up to 4 generations of ancestors for both parental lines and consisted of 471 animals in the Pekin line and 185 animals in the Muscovy line. Multiple trait genetic parameter estimations (carcass and liver weights and melting rate from sterilization figure 1. Feed ingested during the force-feeding period for male and female mule ducks. The amount of feed ingested increased at each meal (meal number).
and pasteurization processes) were performed by Gibbs sampling using the program "gibbsf90" (Misztal et al., 2002) . A total chain length of 100,000 iterations was run and 20,000 samples were discarded as burn-in.
ReSuLTS

Phenotypical Results
Variance analysis showed a highly significant effect of sex (P < 0.001) on all the studied traits (Table 1) . Therefore, sexual dimorphism gave male mule ducks an advantage over female mule ducks. The weight of male carcasses was consistently approximately 10% higher than that of females, with an average weight of 3.72 kg for males and 3.37 kg for females. A similar difference of about 10% was observed between the weight of male and female fatty livers. On average, male mule ducks produced 517 g of fatty liver whereas female mule ducks produced only 465 g. The slaughtering order was not found to have a significant effect on either of these traits.
For the quality of fatty liver, major differences were observed between the 2 sexes. First of all, whereas more than 99% of male livers were classed in the "no vein" category, this was the case for only 47% of the livers from females (Fig. 2) , and 27% of female livers were found to show moderate to high veining. In addition, after the vein removal process, the melting rates of female livers-whatever the method used to measure the traitgreatly differed from those of male livers (Table 1) . On average, female livers lost 45 to 47% of fat when pasteurized or sterilized, whereas male livers lost only 26 to 32% in the same conditions. Very few female livers had a melting rate lower than 30% (Fig. 3 ). The differences in melting rates between duck sexes were high (38% for sterilized livers and 54% for pasteurized livers) and much higher than the differences in weights (approximately 10%) recorded for other traits. The slaughtering order effect and its interaction with sex were highly significant (P < 0.001) for both melting rate traits, and both MR-V180 and MR-C60 were found to increase with the slaughtering order. This was particularly pronounced in male ducks, for which the melting rate increased by 10 to 12 points (for MR-C60 and MR-V180, respectively) between the first 100 animals to be slaughtered and the sixth batch of 100 ducks to be slaughtered.
Although highly correlated (correlation: 0.91; data not shown), the performance values differed for the 2 methods used to measure the liver melting rate (Fig. 3) . Indeed, when the melting rate was less than 40%, the MR-C60 was stronger than the MR-V180. When the melting rate was very low, MR-C60 was not only higher but also more selective than MR-V180. The relationship between the melting rate and the liver weight is shown in Fig. 4 , which demonstrates that although correlations between liver weight and the melting rate were comparable in both sexes (0.62 for males and 0.61 for females), for an equal weight, female livers melted more than male livers (melting rate increased by about 20%).
Genetic Results
The heritability estimates for the different traits, calculated separately for males and females in each of the 2 parental populations, were found to be fairly similar (Table 2) . For the CW, the estimated heritabilities ranged from 0.15 to 0.24, with the highest values being obtained for female mule ducks in the maternal Pekin line. Nevertheless, this range in heritability values was roughly the same, as the average SE for Tables 3 and 4 . Regarding the force-feeding ability traits (Table 3) in the paternal Muscovy line, FLW was not found to be correlated with CW in either female or male mule ducks, as SE were large (0.21 to 0.32) and the correlation values ranged from -0.14 to -0.03. In the maternal Pekin line, the situation was less clear. The genetic correlation between FLW and CW observed for male mule duck traits was slightly positive (+0.33); however, for female traits, the observed correlation was very small. As regards to liver quality traits (Table 4) , both liver melting rate measurements were highly genetically correlated (greater than +0.95) whatever the parental line or sex. In the Muscovy population, the genetic correlation between the FLW and the melting rate (MR-C60 or MR-V180) was positive and high (greater than +0.80), especially for female mule ducks' performances. In the Pekin population, the liver weight and melting rates were less strongly correlated than in the Muscovy population, but the genetic correlations were homogeneous and ranged from +0.36 to +0.45. For mule ducks of a given sex, the genetic correlation between the liver weight and both measurements of the melting rate (MR-C60 or MR-V180) were similar within each parental population.
diScuSSioN
The melting rate, which is the inverse of the technological yield, can be estimated after pasteurization or sterilization of the liver. We show that sterilization, which occurs at a higher temperature and pressure than pasteurization, leads to a higher melting rate, with a difference of about 6 points for the livers of male mule ducks. This result is consistent with that published by Theron et al. (2013) , who reported that pasteurization and sterilization can lead to melting rates that differ by up to 10 points. Moreover, the correlation between the 2 melting rates estimated by Theron et al. (2013) at 0.90 is similar to the correlation we report here (0.91), thus confirming, from a phenotypical point of view, that there is no change in the interindividual classification whatever the melting rate measurement achieved.
Both measurements of the melting rate are also strongly affected by the slaughtering order: ducks slaughtered first show a better technological yield than those who wait to be slaughtered, with differences of up to 12 points. As the waiting time before slaughter between the first and the last duck was about 4 h, the duration of the postprandial period differed depending on the slaughtering order. The longer the duration after the last meal, the more the fatty liver releases its lipids. This increase in lipid exudation is reflected by the higher melting rates observed for the last slaughtered ducks after liver sterilization. It has been well established that an extension of the postprandial period increases the melting rate and Lavigne et al. (2015) showed that a 4-h increase of the postprandial period reduced the technological yield (obtained after pasteurization) by 10 points.
From a genetic point of view, both measures of the melting rate (MR-C60 and MR-V180) were highly correlated (greater than 0.95) and showed comparable figure 3. Relationship between the 2 melting rate measurements for male and female mule ducks. MR-V180 = liver melting rate after pasteurization of 180 g of liver; MR-C60 = liver melting rate after sterilization of 60 g of liver.
figure 4. Relationship between the liver weight and melting rate for male and female mule ducks. MR-C60 = liver melting rate after sterilization of 60 g of liver; FLW = fatty liver weight.
heritabilities and similar correlations with the liver weight. To our knowledge, these are the first results that demonstrate that the 2 melting rates correspond genetically to the same trait. The MR-C60 measurement is faster and easier to perform, seems to be more relevant at low melting rates, requires less labor, and, unlike MR-V180, is not impacted by a "technician" effect (Marie-Etancelin et al., 2015) . Therefore, we suggest that MR-C60 be used as the most efficient way to measure the melting rate in duck livers.
In line with previous published reports, we describe a sexual dimorphism of about 10% for the CW of mule ducks with males being heavier than females. Tai and Rouvier (1998) reported a weight difference between male and female mule ducks with average weights at 30 wk of age of 3.61 kg for females and 3.89 kg for males, that is, a difference of 7.5%. More recently, Basso et al. (2014) reported a difference in BW between male and female mule ducks ranging from 6% at 4 wk of age (1.59 kg for males and 1.50 kg for females) to 13% at 7 wk of age (3.16 kg for males and 2.78 kg for females). In addition to these published results, we show that this dimorphism is also reflected in the liver weight: the difference between sexes remaining constant at approximately 10%. We could not find any other published results on the livers of force-fed female mule ducks with which to compare our findings. These new results on duck liver weight in each sex are even more pronounced when it comes to the quality of the liver. Indeed, the melting rate of livers from female ducks was found to be very high, with differences between the sexes of up to 54%, which is much greater than the 10% difference observed for liver weight. Moreover, 53% of female livers were found to show high veining whereas this is the case in less than 1% of male livers. This would cause problems during the preparation step of female livers before processing.
To our knowledge, this is the first time that such physiological and technological traits have been assessed for female mule duck livers. Although the foie gras appellation does not prevent fatty liver being produced in female ducks, we demonstrate here that the liver of female mule ducks seems much less suitable for this process. Indeed, most female livers did not meet the standards set in the applicable French regulation (decree number 93-999 of 9 August 1993; Journal Officiel de la République Française, 1993), which states that the melting rate must not exceed 30%.
We studied separately the genetic structure of traits measured in male and female mule ducks. The sex of the animal does not seem to have an impact on trait heritabilities and genetic correlations, whether for production traits or liver quality. Therefore, although phenotypical traits, especially foie gras quality traits, are very different between male and female mule ducks, we cannot conclude that the differences observed between sexes are due to genetic determinism. However, this conclusion should be considered with caution because the SE of our genetic estimates are quite high, especially for traits measured in females, due to the low number of animals.
Genetic parameters were estimated simultaneously in the 2 parental lines used to produce the mule ducks, that is, Pekin and Muscovy. In our experiment, the heritabilities estimated do not vary significantly between Marie-Etancelin et al. (2011) , who used the same model to analyze other data sets of male mule ducks and found that the heritability estimates for the liver weight, CW, and melting rate were all higher in the maternal Pekin line than in the paternal Muscovy line. In that report, heritabilities of 0.18 and 0.09 for the liver weight and 0.19 and 0.08 for the melting rate after sterilization were found in Pekin and Muscovy lines, respectively. For a given trait, it therefore seems that heritabilities might vary in the parental populations depending on the lines used to produce mule ducks.
Up to the present, only 2 publications have estimated the genetic correlations between the liver weight and melting rate in mule ducks. In both cases, the correlation was positive (i.e., unfavorable) and strong with +0.89 in the Pekin line (Poujardieu et al., 1994) and +0.80 and +0.79 in the Pekin and Muscovy lines, respectively (MarieEtancelin et al., 2011) . Based on the data obtained from our batch of male mule ducks, the genetic correlations between the liver weight and melting rate range from +0.80 to +0.88 in the Muscovy line, which is comparable to the literature, but only +0.40 to +0.41 in the Pekin line. The heritabilities for liver weight and melting rates being not significantly different in the 2 parental populations and because the unfavorable correlation between the 2 traits is less strong in the Pekin population, it seems more interesting to select for these traits in the Pekin population. Indeed, it would be easier to select female Pekin ducks with favorable genetic values for the liver weight and melting rate of their male mule offspring than male Muscovy ducks with the same genetic characteristics.
Conclusion
This study clearly demonstrates that female mule ducks produce fatty livers of poor quality, with many veins that need removing and an excessively high melting rate. Even if female mule ducks can now legally be force-fed, the resulting fatty livers could not be processed to obtain a product with the appellation "100% fatty liver." Both sexes of mule duck can be selected on the liver melting rate; however, the difficulty lies in the lack of a genetic link between the weight of the fatty liver and its melting rate. Nevertheless, it seems that in some specific "Pekin × Muscovy" crosses, such as the one tested here, the melting rate could by improved by selection without a negative impact on the liver weight. If a selection scheme aiming to reduce the liver melting rate is envisaged, the most relevant measurement for this trait is after sterilization of 60 g of liver, especially as it is highly correlated with the melting rate obtained after pasteurization of 180 g of liver, which is the reference method for the liver processing industry.
LiTeRATuRe ciTed
